The goal of this thesis is to investigate the effect of secondary process parameters on the geometry of the weld bead in multi-wire submerged arc welding. Bead-on-plate welding experiments will be conducted using 3, 4 and 5 wires. The parameters being varied will be the wire stick out, the angles of the torches and the spacing in between. Primary process parameters like voltage, current and welding speed will be kept constant. Penetration, bead width and height, percentage dilution, HAZ, weld penetration shape factor and weld reinforcement shape factor will be measured and evaluated. Fewer experiments will be needed because of the use of a design of experiments approach, namely a fractional factorial design. This will allow to determine the significance of each single parameter and their mutual interaction with respect to weld bead shape.
INTRODUCTION
Multi-wire submerged arc welding (SAW) is a high deposition rate process that is frequently used for piping and offshore applications. It is capable of joining thick steel plates or pipes in a fully automated process at high speed, which makes it economically very interesting to use for relatively large production series. Typically process parameters are set using rules of thumb and optimised through trial and error. Once good parameters are found, they are kept constant for the entire batch. In a previous master thesis the effect of primary process parameters (voltage, current, welding speed) on the geometrical quality of plate butt welds has been experimentally evaluated [3] . This study will focus on the effect of secondary process parameters on the geometrical weld quality. First, a short description of the multi-wire SAW process is given followed by a discussion of primary and secondary process parameters. Next, the experimental approach designed to evaluate the effects of secondary process parameters is elaborated. 
Primary process parameters
The primary process parameters are voltage, current and welding speed. These have been widely studied and discussed in literature. Since it is not the scope of this study, this section is limited to a brief summary of the main findings.
The main effect of voltage is the bead width. The larger the voltage, the wider the weld (see Figure 2 ). Some sources state that generally speaking the penetration reduces a little when voltage is increased [2, 8, [11] [12] [13] [14] , but when used for butt welds or bead-on-plate welds, the penetration remains the same. Penetration will reduce for V-shape weld preparations [1].
The current's main effect is the depth of penetration. The higher the current, the deeper the penetration (see Figure 3) , causing a higher dilution percentage [1, 2, 8, [11] [12] [13] [14] .
The welding speed can be seen as a scaling factor. Increasing the speed results in less time at a given position to produce a weld. This means that there is less heat input (Voltage x Current / Speed) creating a weld with less penetration and narrower bead [1, 2, 8, [11] [12] [13] [14] .
With increasing number of wires, the welding speed has to increase to limit the total heat input.
2.3
Secondary process parameters The main goal of this master thesis is to investigate the influence of secondary process parameters on geometrical weld quality. There is a long list of secondary parameters; this study will focus on stick out, angles of the electrodes and spacing in between. Since information on these parameters is scarce in scientific literature, manufacturers of SAW machines have been interviewed.
Stick out is the vertical distance between the plate and the contact tube where the current is supplied to the electrode wire. When stick out is increased, more heat will be dissipated in the electrode due to increased resistance and thus resistive heating [1, 2, 14] . This last is proportional to I 2 R, with I the welding current and R the resistance of the welding wire from the contact point to the arc. Increased stick out results in less penetration (see Figure 4) . The resistive heating of the electrode with larger stick out increases the deposition rate [1, 8, 14] . This can be beneficially used for cladding. The increased temperature of the electrode makes it softer and increases the tendency to wander, introducing misalignment [1, 8] . In a previous study using design of experiments [15] , it was found that increasing stick out tends to increase hardness, decrease the charpy impact energy and decrease the yield stress (see Figure 5 ). The rate of increase of hardness with increase in stick out was found to be different for different levels of current. Figure 5 . Effect of stick out on mechanical properties [15] A practical rule of thumb is to set the stick out length equal to 8 times the wire diameter [13] .
The angle of the electrode has a large influence on the bead shape. The electrode can point backward or forward relative to the welding direction. A backward pointing electrode (also called trailing electrode, because the tip follows the nozzle) results in higher penetration and narrower bead (see Figure 6 ) [2, 8, 16 ]. This can also cause undercut [1].
A forward pointing electrode (also called leading electrode, because the tip is in front of the nozzle) results in a shallower, wider bead (see Figure 6 ) because the arc burns on the melt pool and pushes the molten material to the sides [2, 8, 16 ].
In multi-wire applications, these effects are combined. The first wire is a trailing wire, causing almost 90% of the penetration [11] . The following wires gradually become more leading to fill up the weld (see Figure 1 ). This helps to remove the undercut and result in a flatter, smoother weld surface. It is also the only possible configuration because of the mechanical restraints of the machine in order to achieve spacing values of about 20mm. Not much is to be found on the effect of spacing in scientific literature. Manufacturers of SAW machines generally recommend values around 20mm, but no effects of changing these values are given. Miller is the only one giving a trend [13] ; increasing the spacing reduces the penetration depth and arc stability but increases the bead width. It is also predicted that in 3-wire SAW, the spacing between the first and second electrode is more likely to change the bead shape than the spacing between the second and the third electrode [11] .
EXPERIMENTAL STUDY

Introduction to Design of Experiments
To evaluate the effect of the secondary process parameters, a series of welding experiments will be performed. For the five-wire submerged arc welding process, the number of variables is fourteen; 5 stick out lengths, 5 angles and 4 spacing values.
The effect of each process variable (further called input parameter) on a weld quality aspect (further called output parameter) can be found by varying this single input parameter within a certain range and keeping all others constant. This will however only reveal information on the main effects of each individual input parameter, and not on the interaction effects of several input parameters. Hereto every possible combination of input parameters has to be tested. If such test series is performed and each input parameter is evaluated at two levels, this is called a full factorial design which requires 2 n experiments with n the number of parameters. It can be understood that the number of tests easily exceeds the limitations on time and resources as every additional input parameter considered doubles the number of experiments.
However, one can reasonably assume that the effects of higher order interactions are small relative to the effects of individual factors and lower order interactions. This is the foundation of a fractional factorial design which allows to reduce the number of tests drastically. The number of experiments needed for problems with n inputs can be reduced from 2 n to 2 n-p . This means that only half of the tests are needed if p=1 and only a quarter when p=2. The result of this approach is confounding (or aliasing) of p input parameters with p parameter combinations [17] . In other words, it will not be possible to distinguish some individual parameter effects from some interaction effects. Assuming that the effect of individual factors will be much stronger than the effect of (higher order) interactions this should still give satisfactory estimations for the influence of the individual factors.
This technique has proven its efficiency in previous studies [18, 19] and industrial applications [17] . In recent years, Laboratory Soete has applied this technique several times with success in master theses and Ph.D.'s [20, 21] .
3.2
Experimental design As stated higher, this study is characterized by fourteen variables. To reduce the number of experiments, first the number of input parameters is reduced to six. Stick out will be identical for all torches, thus resulting in 1 general stick out parameter. The five angles will be reduced to 3 input parameters. In the case of 3 wire SAW welding, there are only 3 angles. In case of 4 and 5 wires, the angles of the first and last torches are 2 input parameters. The other torch angles will be set equal and are grouped into a third angle parameter. For spacing, there will be 2 input parameters. In case of 4 and 5 wires, the spacing between first and second wire and between second and third wire are equal and represented with the first spacing parameter. The remaining spacing values (between third and fourth and fourth and fifth) are equal and represented by the second spacing parameter. One parameter for stick out, three parameters for the angles and two parameters for spacing result in a total of six parameters for the fractional factorial design. Evaluating every input parameters at two levels and choosing a confounding level of p=2 this results in 2 6-2 =16 experiments to be performed (see Table 1 ). This makes it a design of resolution IV. Table 1 . Coded design matrix in a 6-factor (2-level) 16-run fractional factorial design [17] run A B C D AB AC AD BC BD CD ABC ACD=E BCD=F ABCD 1 -1 -1 -1 -1 1 1
In the above table, the six input parameters are denoted as A to F. The numbers 1 and -1 represent the maximum and minimum parameter values respectively. Two factors (E and F) are each aliased with a 3-way interaction. The coded matrix for all terms (not in this paper) shows all aliases in the fractional factorial design. The individual factors are aliased with 3-way interactions, which justifies the choice of aliasing as the effects of 3-way interactions can be assumed insignificant compared to the individual factors. The 2-way interactions are aliased with other 2-way interactions. To determine which 2-way interaction is most significant when several aliased 2-way interactions seem to be important, we have to rely on common sense to determine which factors are most likely to interact. For example it is unusual for a 2-way interaction to be significant if one the interacting factors is not significant by itself.
To improve the statistical value of the results, the experiments will be replicated. This results in a total of 32 runs per welding configuration. According to Appendix M of [17] this replication gives a detection rate of 99% for the mean value and 75% for the variance, if a confidence level of 95 % is chosen.
3.3
Experimental setup Tests will be performed using a welding robot from ESAB, consisting of a moving horizontal beam, mounted on a vertical beam which allows the horizontal beam to go up and down. The vertical beam is mounted on a carriage that can ride over rails. It can rotate relative to the carriage, giving the robot a large working area. For our tests, the carriage and the vertical beam will be locked. Only the horizontal arm moves: up and down on the vertical beam to adjust the height and lengthwise to perform the weld. The tests will be done using a 5-wire SAW welding head from ESAB with separate power sources for each wire. Bead welds will be realized by means of 3 wire, 4 wire and 5 wire SAW processes.
The chosen welding wire is a 4 mm OK Autrod 12.24 type for all torches. This is a copper coated, molybdenum alloyed wire for the submerged arc welding of non-alloyed and low-alloyed steels. In combination with OK Flux 10.74, bead-on-plate welds will be performed on 50 mm thick S355 construction steel plates. The flux has been chosen for its low basicity giving it a sufficient current carrying capacity for multiwire welding at high speed. The length of the welds is set at approximately 1 meter to obtain a steady state section of sufficient length in the weld. Multiple welds will be applied on one plate parallel to each other with a certain spacing distance to avoid interference of their heat affected zones.
Both primary and secondary process parameters have been set forward based on literature findings and suggestions by specialised companies. An overview is given in Table 2 . Before the actual test series, preliminary trial-and-error tests will be carried out to validate some of the parameter settings. Especially the ranges for the secondary parameters, main focus of this investigation, need to be screened.
After welding, samples will be cut from each weld to investigate the geometrical quality of the weld beads. To this end penetration, bead width, reinforcement height and HAZ will be measured. From these 4 geometrical measurements, some deviated factors can be calculated such as percentage dilution, weld penetration shape factor and weld reinforcement shape factor. As a measure of the mechanical quality, some hardness measurements will be performed. Each of these properties can then be used as output for the fractional factorial. This should lead us to an evaluation of the effects of the secondary parameters on each output property.
CONCLUSIONS
The effect of secondary parameters on submerged arc welding bead geometry is a topic on which little research has been published yet. There are many secondary parameters that can be investigated. Stick out, angles and spacing are selected. To keep the number of tests within reasonable limits, concerning time and resources, a fractional factorial design of experiments has been elaborated. This should allow to evaluate the importance of the selected parameters and their interactions on bead geometry.
NOMENCLATURE
SAW Submerged arc welding HAZ Heat affected zone 6
